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Abstract

In this work, by using water steam only, two antioxidant extracts were obtained from olive leaves (Olea europaea 
L.), a by-product of olive oil chain. Olive leaf extracts (OLEs) were tested as such (water extract: WE) and par-
tially purified with ethyl acetate (ethyl acetate [EA] extract). Total phenols were 7.4 mg/mL and 3.8 mg/mL in WE 
and EA final solutions, respectively, evidencing a different composition by high-performance liquid chromatog-
raphy analysis. Both extracts were evaluated in vitro in comparison to pure hydroxytyrosol (Hy). A 2,2-diphenyl-
1-picrylhydrazyl (DPPH) EC50 of 57.6, 76.5, and 39.7 µg/mL and a ferric reducing antioxidant power EC50 of 
84.8, 69.9, 41.2 µg/mL were determined for WE, EA, and Hy solution, respectively. The Rancimat induction time 
determined at 120°C in a lard sample with 200-ppm total phenol equivalent addition of WE, EA, and Hy was 
8.92 h, 12.74 h, and 7.27 h, respectively (vs. 2.24 h for lard only). Extracts were added at the same dose (200 ppm) 
to minced beef patties that were put in closed containers under controlled air headspace composition (NA, natu-
ral air; HOA, modified air with 80% O2; and 20% N2) and stored at 4°C up to 10 days. Extracts showed significant 
effectiveness in contrasting decrease of O2 level in containers as well as pH and color changes of patties. A sig-
nificant increase (expressed as mg of malondialdehyde MDA/kg; thiobarbituric acid-reactive substance (TBARS) 
assay was conducted in control samples at an interval of 0–10 days (from 0.52 to 0.78 mg of MDA/kg in NA 
samples; and from 0.55 to 1.31 mg of MDA/kg in HOA samples), while minimal changes were observed in treated 
samples. These findings suggest a potential use of OLEs for maintaining quality and oxidative stability of beef 
patties during storage.
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Introduction

Olive (Olea europaea L.) virgin oil is gaining global 
recognition for numerous reasons, including its unique 
phenolic content, which may help to reduce the occur-
rence of cardiovascular diseases, neurodegenerative con-
ditions, and certain types of cancers (Gorzynik-Debicka 
et  al., 2018). In addition, the by-products of olive oil 

chain, such as leaves and olive oil mill wastes, are rich 
source of these or similar phenolic compounds (De 
Leonardis et al., 2009; McDonald et al., 2001; Munekata 
et al., 2020).

The olive plant’s phenolic compounds also increase the 
shelf life of food products, including meat products, 
by delaying lipid peroxidation (Djenane et al., 2018,  
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Gómez et al., 2020). Thus, they can serve as natural alter-
natives to synthetic preservatives, aligning with the grow-
ing consumer demand for healthier and more natural 
food options. Indeed, several studies have investigated the 
potential use of olive oil mill by-products or their extracts 
in food formulations, nutraceuticals, and dietary supple-
ments as well as livestock diets to improve rumen func-
tion, milk production, and meat quality (Bender et  al., 
2023; De Leonardis et al., 2022a, 2022b; Tzamaloukas 
et  al., 2021). Moreover, phytochemicals found in olive 
leaves (OLs) are of high nutraceutical and pharmaco-
logical interest because of their antioxidant, free radical 
scavenging, anti-inflammatory, cardioprotective, hepato-
protective, and anti-cancer activities, as demonstrated in 
various biological systems (Pereira et al., 2007; Romani 
et al., 2019; Ruzzolini et al., 2018). Oleuropein, a secoiri-
doid glucoside, is a major component of olive leaf phenolic 
fraction, followed by pure hydroxytyrosol (Hy, a pheny-
lethanoid), apigenin 7-o-glucoside of luteolin, verbascos-
ide, and other phenolic acids (Rahmanian et al., 2015). 

Beef is a nutritious and popular meat type processed in 
various forms, including patties, for convenience and 
diversity. Unfortunately, it is estimated that approximately 
1.3 billion tons of meat, including beef, is wasted annu-
ally along the entire supply chain, mainly at the house-
hold level, globally because of poor preservation facilities 
(Hadidi et al., 2022). Massive meat wastage is caused by 
microbial and chemical spoilage, resulting in food-borne 
illnesses and food insecurity. Chemical spoilage is mainly 
caused by lipid and protein oxidation, which are responsi-
ble for the production of undesirable compounds such as 
aldehydes, ketones, and free radicals that provoke rancid-
ity, off-flavors, discoloration, nutritional loss, and health 
risks (Honikel, 2017; Lorenzo et al., 2017). 

The process of mincing influences the oxidation of beef 
because it increases the meat’s surface area, resulting 
in higher exposure of lipids and proteins to O2, heat, 
light, and metal ions. Consequently, mincing of meat 
to produce beef patties results in higher oxidation than 
whole-muscle meat, especially after cooking and storage 
(Shimizu and Iwamoto, 2022).

Lipid oxidation is a process that includes multiple mech-
anisms with very complex reactions and interactions 
between substrates and catalysts. These reactions are 
influenced by various intrinsic (meat composition) and 
extrinsic (processing and storage conditions) factors 
(Lorenzo et al., 2017). Commonly, synthetic antioxi-
dants, such as butylated hydroxyanisole (BHA), butylated 
hydroxytoluene (BHT), tert-butylhydroquinone (TBHQ), 
and propyl gallate (PG), act as hydrogen atom donors, 
establishing a crucial role in preventing or delaying 
undesirable changes. Additionally, nitrites and nitrates 
are frequently used as meat additives with the function 

of protecting against lipid and protein oxidation (Zhang 
et al., 2023). However, these synthetic additives may have 
deleterious consequences on health, including allergic 
reactions, liver damage, carcinogenicity, and DNA dam-
age (Carocho et al., 2018). Consequently, their use is 
closely monitored and subjected to strict regulations in 
numerous countries. 

About the above questions, the utilization of natural anti-
oxidants as substitutes for synthetic additives in meat and 
meat products has generated significant interest. Thus, 
many studies have investigated the efficacy of extracts 
derived from a variety of plant, vegetable, and fruit sources 
as well as lesser-explored resources, such as food industry 
by-products and waste (Allam et al., 2024). In this context, 
several studies have addressed the discovery and develop-
ment of natural and synthetic food additives from olive 
leaf to enhance the quality and shelf life of meat products 
(Aouidi et al., 2017; Difonzo et al., 2022; Djenane et al., 
2018; Munekata et al., 2020; Totaro et al., 2024). 

In this study, olive leaf extracts (OLEs), obtained using 
water steam only as a solvent, were characterized 
and investigated as a potential antioxidant additive to 
improve the shelf life of beef patties. Sustainability has 
been defined as ‘the development which meets the needs 
of the present, without compromising the ability of future 
generations to meet their own needs’. In the last decades, 
development of sustainable products in industry, energy, 
transport, agriculture, and tourism has become a global 
key issue for the society, economy and the environment. 
The studied OLEs may be considered sustainable for var-
ious reasons, such as recycling of agricultural waste, use 
of a clean solvent, and production of natural food addi-
tives. The antioxidant potential of extracts was evaluated 
in vitro by using different laboratory tests (2,2-diphenyl-
1-picrylhydrazyl [DPPH] and ferric reducing antioxidant 
power [FRAP] assays and the Rancimat test). Moreover, 
the extracts were tested directly on beef patties stored at 
4°C for 10 days and packaged in a natural atmosphere or 
modified atmosphere (80% O2 and 20% N2 atmosphere) 
to stress oxidative conditions; in this case, changes in 
pH, color, and thiobarbituric acid-reactive substance 
(TBARS) measures were monitored at 0-, 5-, and 10-day 
intervals.

Materials and Methods

Chemicals

All chemicals, reagents, and solvents were of analytical or 
high-performance liquid chromatography (HPLC) grade. 
Hydroxytyrosol (Hy) and oleuropein standard com-
pounds were purchased from Sigma Aldrich Chemicals 
(Milan, Italy). 
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hydroxytyrosol were also prepared for comparison. 
DPPH free radical scavenging activity was determined 
by following the methods described by Williams et al. 
(1995) with slight modifications. A total of 7 µL metha-
nol or Hy or OLE dilution was deposited in 300-µL wells 
of flat-bottomed polystyrene microplates, as a blank or 
samples, respectively; then, 273 µL of DPPH (60 µmol/L 
in methanol) was added to the microplate. Absorbance 
at 515 nm was measured using a plate reader (BioTek Elx 
800, Agilent, Les Ulis, France) at intervals of 5 min. For 
the interpretation of results, when an absorbance plateau 
was reached, the percentage of residual DPPH° was cal-
culated as a ratio between the value of the sample and 
the blank, and, finally, the concentration of antioxidant 
necessary to decrease the initial DPPH° concentration 
by 50% (EC50) was calculated using the concentration–
response regression.

For FRAP determination as described by Pulido et al. 
(2000), colorimetric reagent was freshly prepared by 
mixing the following reagents in a 10:1:1 (v/v) ratio: 
(i) acetate buffer (300 mM, pH 3.6); (ii) 2,4,6-tripyridyl–
S-triazine (TPTZ) 10-mM solution in 40-mM HCl; and 
(iii) iron (III) chloride, 20 mM. For analysis, 300 µL of 
FRAP reagent, repositioned in microplate wells, was 
incubated at 37°C for 15 min, then 10 µL of each Hy or 
OLE dilution was added and mixed to FRAP reagent; 
absorbance at 593 nm was read after 4 min using a 
plate reader (BioTek Elx 800, Agilent, Les Ulis, France). 
A standard curve was established using an iron sulfate 
heptahydrate solution at concentrations ranging from 
0 µM to 2,000 µM. FRAP values were expressed as mg 
Fe2+ equivalent per mL of extract. The EC50 FRAP (half 
maximal effective concentration) was determined by 
developing a linear regression curve that connected 
the sample concentration (x-axis) with the FRAP value 
(y-axis). 

Finally, the Rancimat test was performed with the Model 
730 instrument (Metrohm AG, Herisau, Switzerland) 
using a lard sample purchased from the local market 
(Campobasso, Italy) and prepared without (control) and 
with OL extracts or Hy solution, all these added to give a 
200-ppm dose of total phenol equivalent. The test condi-
tions were set at 120°C and a constant air flow of 20 L/h 
by measuring induction time in hours.

Beef patties preparation and experimental design

For preparing patties, approximately 1 kg of under pro-
tective atmosphere-packaged minced beef meat was 
purchased from a local supermarket in Bourg-en-Bresse, 
France. The minced meat contained 20% fat, as declared 
on the label; it was further homogenized in the labora-
tory using a kitchen blender and then divided into three 

Olive leaf extract preparation

Fresh OLs were randomly detached manually from the 
cut branches of olive trees growing in the Molise Region 
of Italy. Approximately 500 g of whole OLs, previously 
frozen for 24 h to facilitate extraction, was placed on the 
bottom grid inside the boiler of an essential oil extractor 
with a capacity of 12 L (Inherbashop, Stavella, Verona, 
Italy). Approximately 2 L of water was heated at 100°C 
for approximately 30 min to produce aqueous steam; the 
remaining water was spontaneously cooled to room tem-
perature and divided into two parts. One part was dried 
using a rotary evaporator (rotovap) at 60°C, and the solid 
residue was dissolved in 50 mL of 30% ethanol–water 
solution (v/v); this extract was called WE (water extract). 
The second part of the boiler water was transferred to a 
separating funnel and washed thrice with ethyl acetate. 
The collected ethyl acetate layers were evaporated to dry-
ness using a rotary evaporator by recovering solid resi-
due in 50 mL of 30% ethanol–water solution (v/v; ethyl 
acetate [EA] extract). The role of ethanol was to preserve 
extracts from microbial spoilage during the entire exper-
imental period; however, both extracts were stored in a 
refrigerator.

OLE characterization

Total phenols (Folin–Ciocalteu method) and HPLC 
phenolic analysis were performed on both OLEs previ-
ously filtered through a 0.45-mm syringe and following 
the methods described by De Leonardis et al. (2022b) by 
using an independent hydroxytyrosol calibration curve 
(HyE: hydroxytyrosol equivalent) and by reading the 
absorbance at 760 nm with an Evolution TM201/220 
instrument (Thermo Fischer Scientific SpA, Rodano, MI, 
Italy). The HPLC instrument used was a Varian ProStar 
330 (Mulgrave, AUS) equipped with a Kinetex 5u C18 
100 Å column (250 mm × 4.6 mm) (Phenomenex, USA). 
The mobile phase was a mixture of 0.2% H3PO4 (v/v) in 
bi-distilled water (eluent A), methanol (eluent B), and 
acetonitrile (eluent C), and the gradient for A/B/C elu-
ents was as follows: 0 min, 96/2/2%; 24 min, 50/25/25%; 
27 min, 40/30/30%; 36 min, 0/50/50%; and 49 min, 
96/2/2%; chromatograms were obtained at 280 nm or 
240 nm. The hydroxytyrosol and oleuropein peaks were 
identified by comparing their retention period and UV 
absorption characteristics with those of the correspond-
ing commercial standards.

In vitro oxidation assays

For both DPPH and FRAP assays, the OLEs were ini-
tially diluted with water at concentrations ranging from 
30 to 800 µg/mL. Comparable concentrations of pure 
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Physicochemical analysis of patties

pH was determined by inserting a pH meter electrode 
into filtered solution obtained by homogenization of 1 g 
patties with 10-mL deionized water.

Color of patty surface was evaluated using a colorime-
ter (CM-2300d, Konica Minolta, France) by assessing L* 
(lightness), a* (redness), and b* (yellowness) values and 
calibrating the instrument with zero and white standard 
plates before analysis.

Thiobarbituric acid-reactive substance (TBARS) assay 

The oxidative stability of beef patties was determined by 
TBARS assay according to Nerín et al. (2006) with the 
following modification. Approximately, 2-g meat sample 
was weighed in a 50-mL falcon tube placed in crushed ice. 
Thus, 8 mL of 10% trichloroacetic acid, for protein precip-
itation, and 50 µL of BHT solution (1 mg/mL), for oxida-
tion prevention, were added to the tube. The sample was 
homogenized using an Ultraturrax Grinder-Homogenizer 
(Ultra-Turrax, Janke & Kunkel, IKA-WERK, Germany) for 
at least 1 min at 20,000 rpm and then centrifuged (Sigma 
SIGMA 318KS, Sigma Laborzentrifugen GmbH, Germany) 
at 1,500 g for 30 min at 5°C; the recovered supernatant was 
filtered through a filter paper. For TBARS assay, 2 mL of 
filtrate was vortexed with 2 mL of TBA 2-thiobarbituric 
acid (20 mM) in Pyrex glass test tubes, which were closed 
with aluminium foil, incubated in a water bath at 95°C for 
20 min, and then cooled immediately under a stream of 
cold water. Absorbance at 531 nm of the final solution was 
measured using a daily standard curve of malondialdehyde 
tetrabutylammonium (MDA) to calculate TBARS value 
expressed as mg of MDA per kg of patties.

Statistical analysis

All calculations were carried out with three independent 
measures for each set of samples by calculating means ± 
standard deviations with the Statistics 8.1 software. Two-
way ANOVA and Tukey’s honestly significant difference 
(HSD) test were performed to determine statistically sig-
nificant differences between mean values (p < 0.05) using 
the same software.

Results and Discussions

Antioxidant capacity and characterization of olive leaf 
extracts

It is well known that phenols are secondary metabolites 
ubiquitous in the entire plant kingdom, including various 

equal parts. In part one, nothing was added (control 
sample); in part two, a calculated volume of WE or EA 
extract was added to achieve a concentration of 20 mg 
of total phenols for 100-g minced meat. Specifically, the 
added volume of WE or EA was, respectively, 3.0 mL or 
1.9 mL for 100-g minced meat, corresponding to a final 
ethanol amount of 0.9% and 0.6%. 

Subsequently, 15 g of every portion of minced meat was 
manually shaped into patties of identical form; all the 
patties were subsequently packaged in closed 1-L glass 
containers, in which the headspace composition dif-
fered as described below. In the set of samples, hereafter 
named ‘natural air’ (NA), the headspace was composed 
of uncontrolled atmospheric air; whereas, in the sam-
ples labeled ‘high-oxygen-air’ (HOA), the headspace was 
composed of 80% O2 and 20% N2, which was achieved 
by injecting O2 into the container using the specific 
equipment Automate (AUTO Modified ATmosphere & 
Environment). 

An adequate number of independent containers, suitable 
for replicated analysis, were prepared for each set of patty 
samples, different for the quantity of OLE added and/or 
the headspace composition.

In summary, the following acronyms were used for vari-
ous sets of patty samples: 

•	 CP-NA: control patties stored in natural-air headspace
•	 CP-HOA: control patties stored in high-oxygen-air 

headspace 
•	 WEP-NA: patties with water extract stored in 

natural-air headspace
•	 WEP-HOA: patties with water extract stored in 

high-oxygen-air headspace
•	 EAP-NA: patties with ethyl acetate extract stored in 

natural-air headspace
•	 EAP-HOA: patties with ethyl acetate extract stored in 

high-oxygen-air headspace

Finally, all patty samples were stored in a refrigera-
tor at 4°C; followed by analysis at intervals of 0, 5, and  
10 days.

Measure of oxygen percentage in container headspace

The O2 level percentage in the headspace was determined 
using a digital check pointer analyser. Fluorescent oxygen 
(SP-PSt3-NAU) pre-calibrated sensor spots (Presens 
GmbH, Regensburg, Germany) were attached to the 
inner surface of 1-L glass containers; O2 concentration in 
the inner atmosphere of containers could thus be mea-
sured non-invasively with a Fibox trace (O2) coupled with 
optical fiber reader along storage.
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compounds, but overall, it did not necessarily brought 
down total phenols extracted from OLs. These values 
are comparable with the findings of other studies when 
different extraction methods were performed (Boli et al., 
2022; De Leonardis et al., 2015). 

The DPPH radical scavenging assay is commonly used in 
antioxidant studies because of its simplicity and consis-
tent results. It measures the ability of a sample to scav-
enge free radicals that cause oxidative stress. The assay 
involves mixing a stable DPPH radical with an antioxi-
dant solution that donates electrons to the radical, caus-
ing a change in purple color intensity. The greater the 
number of donated electrons, the greater the antioxidant 
activity. 

The data in Table 1 show the significant antioxidant 
potential of both OLEs. Specifically, the EC50 values were 
57.6 µg/mL and 76.5 µg/mL for WE and EA, respectively, 
while pure Hy was 39.7 µg/mL. A lower EC50 value indi-
cates higher radical scavenger activity, suggesting the 
superior efficacy of WE extract in combating free radicals 
and oxidative stress in comparison to EA extract. This is 
also visible when observing DPPH disappearance kinetics 
(data not shown): all tested concentrations were permit-
ted to reach a plateau within 80 min for WE, while pure 
Hy and EA extracts needed up to 180 min for the low-
est concentrations. Thus, the performance of WE sug-
gested some synergistic effects. Moreover, for all tested 
substances, 20% of initial DPPH persisted, whatever was 
the concentration used, and all three behaviors were con-
sidered as slow kinetics. These results are comparable to 
those obtained with gallic acid (a commonly encountered 
phenolic acid in natural antioxidant plant extracts) under 
the same conditions (Williams et al., 1995), thus estab-
lishing these extracts interesting and potent candidates 
for meat preservation. 

Table 1 also reports the results relative to the FRAP assay, 
based on a single-electron transfer that causes the reduc-
tion of ferric iron (Fe3+) to ferrous iron (Fe2+). Effective 
concentration revealed that pure Hy standard exhibits 

compounds, such as phenolic acids, flavonoids, stilbenes, 
and lignans, as well as in secoiridoids found in olive 
plants (McDonald et al., 2001). Olive leaves have gained 
widespread use in various sectors, including medicine, 
cosmetics, and food products, because of their recog-
nized functional properties derived from the presence of 
bioactive phenolic compounds. Different extraction tech-
niques are applied to recover phenolic compounds from 
OL, such as liquid–liquid and solid-phase extraction, 
ultrasound and microwave-assisted extraction, and 
extraction with superheated solvent (Munekata et al., 
2020). Generally, synthetic solvents, such as ethers, chlo-
rinated, and aromatic solvents are employed, raising 
concerns about their health and environmental impacts 
(Dobrinčić et al., 2020). 

In this study, a laboratory distiller was used with the 
initial aim of recovering an essential oil from OL. Only 
traces of essential oil were distilled whereas the water 
remaining in the upper part of the boiler appeared as 
red-brownish in color, indicating enrichment in phenolic 
compounds. Thus, we investigated the composition and 
potential application of phenolic compounds extracted 
by water steam, because it is a green solvent procedure. 

Two different liquid OL extracts were prepared, hereaf-
ter abbreviated as WE and EA. WE was composed of a 
water-soluble bioactive compound that was dried and 
concentrated in a known volume of 30% ethanol–water 
solution (v/v). The EA extract represented the WE par-
tially purified due to it contained only substances solu-
ble in ethyl acetate; also in this case, the dry residue was 
re-dissolved in a known volume of 30% ethanol–water.

The phenol content and antioxidant capacity of OLEs are 
shown in Table 1, and the antioxidant capacity of pure 
hydroxytyrosol (Hy), assayed under the same conditions, 
is also shown for comparison.

Amount of total phenols was 7.4 HyE mg/mL and 3.8 
HyE mg/mL in WE and EA, respectively. Boiling could 
have different effects on various classes of phenolic 

Table 1.  Phenol content and antioxidant capacity of the olive leaf extracts (OLEs) and pure hydroxytyrosol (Hy).

Determinations Water extract (WE) Ethyl acetate extract (EA) Hydroxytyrosol (Hy) Lard*

Total phenols (TP) (mg/mL HyE) 7.4 ± 0.8 3.8 ± 0.3 1.0 ± 0.0 –

DPPH EC50 (µg/mL) 57.6 ± 0.4a 76.5 ± 3.5b 39.7 ± 0.8c –

FRAP EC50 (µg/mL) 84.8 ± 2.5a 69.9 ± 4.1b 41.2 ± 1.1c –

Induction time Rancimat test at 120°C (h) 8.92 ± 1.01a 12.74 ± 2.03b 7.27 ± 0.68a 2.24 ± 0.19c

Notes. Mean and standard deviations of  three independent replicates for each set of  samples. Different letters show significant difference on the 
same row (p < 0.05).
*Lard is the control sample without antioxidants.
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the highest activity (EC50 = 41.2 µg/mL) followed by EA 
(EC50 = 69.9 µg/mL) and WE (EC50 = 84.8 µg/mL), sug-
gesting that the diversity of molecules contained in the 
extracts resulted in different mechanisms of action 
against oxidation. 

Finally, the antioxidant potential of OL extracts was 
evaluated directly in food fats using the Rancimat test 
at 120°C (Table 1). Both OLEs and pure Hy were added 
at a dose of 200 ppm HyE to a commercial lard sample. 
Surprisingly, both OLEs showed higher antioxidant 
capacities than that of Hy. Specifically, EA delayed oxi-
dative stability of the lard by 5.7 times, followed by WE 
(4.0 times) and Hy (3.2 times). The Rancimat test results 
evidenced the good antioxidant potential of OLEs at the 
high temperatures reached while preparing meat patties. 

By summarizing, at the same dose added of total phe-
nol equivalent, both OLEs evidenced antioxidant activ-
ity in  vitro, although their effectiveness varied with the 
oxidation test used. Specifically, WE exhibited higher 
radical scavenger activity than EA, which instead better 
performed using FRAP and Rancimat test. 

Certainly, different performances of OLEs were cor-
related to their different phenolic profiles because of dif-
ferent polarity of the solvents (water and ethyl acetate) 
used for extraction process. Indeed, according to De 
Leonardis et al. (2015), ethyl acetate did not solubilize 
oxidized phenols, which are not usually detectable by 

HPLC analysis, while the same reacts with the Folin–
Ciocalteu reagent. In addition, these differences were 
also evident by comparing the color of OLE solutions, 
typically red for WE and yellow for EA (not shown). 

In WE chromatogram (Figure 1), a high peak was well 
eluted in Hy-zone at approximately 10 min. We barred 
that this peak matched a Hy isomer because it showed a 
different spectrum; specifically, it was characterized by a 
maximum absorption at 240 nm, and any absorption at 
280 nm typical of Hy and its isomers. Nevertheless, the 
above-mentioned peak was strongly resized in the EA 
chromatogram, in which numerous peaks eluted in the 
OLE zone. Identification and origin of this peak deserve 
future investigations; however, according to Cecchi et al. 
(2023), it is reasonable to suppose that it could corre-
spond to an oleoside-like compound derived from oleu-
ropein decomposition during the extraction process.

Oxygen percentage in container headspace

The storage test was carried out in natural (NA) and mod-
ified (HOA) atmospheres. In the NA set of patty samples, 
the headspace was composed of atmospheric air, which 
naturally contains about 78.0% N2, 20.9% O2, 0.9% Ar, and 
0.1% CO2. Instead, in the HOA set of samples, with an 
aim to accelerate oxidative process for the excess of O2, 
the atmospheric air was modified artificially so to obtain 
a headspace composed of 80% O2 and 20% N2. 
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Figure 1.  HPLC chromatogram of ethyl acetate (EA) and water (WE) olive leaf extracts determined at 240 nm.
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including Listeria monocytogenes, Salmonella Enteritidis, 
and Esherichia coli O157:H7 (Liu et al., 2017). 

As regards the potential antimicrobial effect of OLE sol-
vent, namely 30% ethanol–water solvent, it is reasonable 
to suppose that the real quantity of ethanol added to pat-
ties was insufficient to produce a significant antimicrobial 
effect. Indeed, the antimicrobial effect of pure ethanol 
in meat was less investigated, compared to other foods, 
such as bakery products, bread, and fruit drinks (Dao and 
Dantigny, 2011). A dose of at least 5% ethanol was found 
to be necessary to inhibit the growth of Listeria monocy-
togenes (Oh and Marshall, 1993) and molds (North et al., 
2019). Nevertheless, ethanol levels in WEP and EAP were 
estimated to be 0.9% and 0.6%, respectively, therefore, 
most likely, insufficient to have a possible antimicrobial 
effect in meat patty samples. 

Physicochemical analysis of patties

pH changes
Data reported in Table 2 evidenced a trendy increase in 
pH during storage in the HOA set of samples, especially 
in CP-HOA, in which pH changed from a minimum 
of 5.3 at zero time to a maximum of 6.5 after 10 days. 

Subsequent decrease in O2 levels in headspace could 
be correlated with the activity of aerobic pathogens or 
spoilage microorganisms, or could also be an indication 
of leakage (Chibane et al., 2017; Martin et al., 2023). The 
observed variation of O2 level in the storage bottle is 
shown in Figure 2.

Variation in O2 percentage level was more evident in the 
set of samples with modified air. Moreover, a significant 
decrease in O2 percentage was observed for the control 
set of patties because of leakage or respiration of meat 
flora. Specifically, O2 percentage was almost halved at 
the end of the storage period (10 days), decreasing up to 
10.5% and 48.3% in CP-NA and CP-HOA, respectively. 
Conversely, insignificant changes in O2 percentage were 
observed in the containers with patties supplemented 
with WE and EA in both NA and HOA headspace 
(Figure 2). 

In this study, the antimicrobial activity of the extracts 
was not evaluated; however, the maintaining of O2 levels 
in the containers with WEP and EAP samples suggested 
a possible antimicrobial effect of OLEs in both high-O2 
and low-O2 storage environments. In literature, a lot of 
studies highlighted the antimicrobial activity of OL phe-
nolic compounds against major food-borne pathogens, 

EAP-HOA

WEP-HOA

CP-HOA

EAP-NA

WEP-NA

O2% in the patty’s headspace on 10th day of storage

CP-NA

0 20 40 60 80 100

Figure 2.  Oxygen percentage level measured in headspace of beef meat at the end of storage period (10 days).

Table 2.  pH analysis of beef meat patties during storage at 4°C. 

Storage days Natural Air (NA) High oxygen environment (HOA)

CP-NA EAP-NA WEP-NA CP-HOA WEP-HOA EAP-HOA

0 5.3 ± 0.2a 5.3 ± 0.2a 5.3 ± 0.2a 5.3 ± 0.1a 5.2 ± 0.1a 5.3 ± 0.1a

5 5.2 ± 0.1a 5.2 ± 0.1a 5.2 ± 0.1a 6.3 ± 0.1b 6.0 ± 0.1b, c 5.9 ± 0.1c

10 5.5 ± 0.2a 5.5 ± 0.2a 5.5 ± 0.2a 6.5 ± 0.3b 5.9 ± 0.3c, d 5.3 ± 0.3d

CP-NA: control patties stored in natural-air headspace; EAP-NA: patties with ethyl acetate extract stored in natural-air headspace; WEP-NA: patties 
with water extract stored in natural-air headspace; CP-HOA: control patties stored in high-oxygen-air headspace; WEP-HOA: patties with water 
extract stored in high-oxygen-air headspace; EAP-HOA: patties with ethyl acetate extract stored in a high-oxygen air headspace.
Mean and standard deviation values of  three independent replicates for each set of  samples. Different letters show significant difference on the same 
row (p < 0.05).
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Conversely, no significant differences emerged in the set 
patties stored in natural air headspace containers (NA 
series), except for a slight pH increase on the 10th day.

North et al. (2019) considered that the increase in pH 
was likely due to the accumulation of alkaline breakdown 
products, such as amines and ammonia, caused by rabbit 
meat degradation during chilled storage. However, in 
the HOA set of samples, the positive effect of both OL 
extracts was evident in contrast to an increase in pH. 
Moreover, at the same dose added, the partially purified 
EA extracts showed a trendy higher performance than 
WE. According to Saleh et al. (2020), low pH of stored 
minced meat treated with OLEs could be a positive con-
sequence of the nature and properties of the phenolic 
compound content.

Color analysis
Color is a sign of meat’s quality and freshness and is one 
of the most significant sensory attributes that affects con-
sumer acceptance. The color values determined for beef 
patties during storage are shown in Table 3. 

According to Andres et al. (2016), the L* value, which 
measures the lightness of meat surface, depends on 
the combination of fat, pigment, and water content. 
Moreover, the L* value generally decreases during meat 
storage because of oxidation. A decrease in L* value was 
observed in this study, varying significantly with the 
headspace composition of container. In the set of patties 
stored in natural atmosphere (Table 3), the L* values of 
CP samples were lower than those found for the patties 

Table 3.  Color characteristics of beef patties formulated with olive leaf extracts (OLEs) stored at 4°C under different headspace oxygen 
environment.

Storage days Natural air (NA) High oxygen environment (HOA)

CP-NA EAP-NA CP-NA EAP-NA CP-NA EAP-NA

L*

0 46.2 ± 0.7a 47.4 ± 0.9a 47.7 ± 0.8a 44.2 ± 1.6a 47.4 ± 1.2a 49.5 ± 1.2a

5 41.3 ± 0.7b 54.9 ± 1.6b 50.7 ± 1.5b 38.2 ± 1.4b 38.5 ± 1.3b 45.6 ± 0.9b

10 39.5 ± 0.5b 43.5 ± 2.4c 45.6 ± 0.4c 34.6 ± 1.4c 35.2 ± 1.2c 35.5 ± 1.3c

a*

0 13.9 ± 0.5a 13.2 ± 0.6a 13.9 ± 0.5a 14.0 ± 0.4a 14.8 ± 0.4a 13.4 ± 0.4a

5 9.9 ± 0.7b 11.3 ± 0.5b 10.6 ± 0.7b 16.3 ± 1.8b 15.3 ± 1.1a 13.9 ± 1.0b

10 8.3 ± 0.3b 9.1 ± 1.9c 8.9 ± 0.7c 6.7 ± 0.9c 8.8 ± 1.3c 7.2 ± 1.6c

b*

0 11.9 ± 1.6a 10.5 ± 2.4a 9.1 ± 0.7a 13.6 ± 0.3a 12.6 ± 0.6a 12.7 ± 0.4a

5 13.6 ± 0.4b 11.2 ± 1.0a,b 11.3 ± 0.9a,b 12.4 ± 0.6b 11.7 ± 0.4a,b 10.7 ± 1.4b

10 16.0 ± 0.4c 13.9 ± 2.3b 10.5 ± 4.9b 14.0 ± 0.3a,b 15.6 ± 2.6c 12.8 ± 2.0a

CP-NA: control patties stored in natural-air headspace; EAP-NA: patties with ethyl acetate extract stored in natural-air headspace.
Different letters show significant difference on the same column for L*, a*, and b* (p < 0.05).

containing OL extracts. Therefore, the antioxidant prop-
erties of OL extracts helped to maintain the lightness of 
patty surface during storage. These results were different 
from those of the samples stored in high-O2 atmosphere 
(Table 3), in which a higher loss of L* values was observed 
in CP-HOA, WP-HOA, and EA-HOA. Therefore, in this 
case, OL extracts were not able to preserve the lightness 
of patties at an added dose. 

The redness of fresh meat, measured as the a* value, is 
strongly affected by the content of myoglobin protein and 
O2 exposure. Specifically, O2 bonded to myoglobin stabi-
lizes its red oxymyoglobin form whereas the oxidation of 
oxymyoglobin to brown metmyoglobin results in meat 
discoloration (Saleh et al., 2020). One method for con-
trolling food quality and safety is the application of new 
packaging systems, including modified atmosphere pack-
aging (MAP). Kandeepan and Tahseen (2020) reported 
that high O2 MAP levels (usually >70%) helped to main-
tain the bright red color of fresh meat and enhanced the 
marketability of minced meat. However, after prolonged 
storage, loss of redness may occur due to the conversion 
of oxymyoglobin to metmyoglobin (Hayes et al., 2009). 
Consistent results were obtained in HOA set patties, for 
which an increase in redness a* values was found till the 
fifth day and then it decreased until the 10th day (Table 3). 
Redness is the most important parameter of red meat, as 
bright red color is highly appreciated by consumers. In a 
study conducted by Chibane et al. (2017), plant extracts 
from OLs, combined with high-oxygen-modified atmo-
sphere packaging, maintained the redness index of meat, 
suggesting that this extract could delay color variation.
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TBARS values determined in patties during storage are 
given in Figure 3. 

Regarding the CP samples prepared without any addi-
tives, significant increase in TBARS was observed 
depending on both storage period and headspace condi-
tions. Specifically, TBARS measures of CP-NA showed 
an increasing trend of 0.52 mg MDA/kg, 0.70  mg 
MDA/kg, and 0.78 mg MDA/kg at 0, 5, and 10 days of 
storage, respectively. A similar trend, but accelerated, 
was observed in the CP-HOA set of samples, in which 
TBARS values increased from 0.55 mg MDA/kg (0 day) 
to 1.31 mg MDA/kg (10 days). Thus, as expected, the 
O2 supplement in container accelerated significantly the 
TABRS formation in CP-HOA samples during storage.

From the beginning (0 day) and under both headspace 
conditions, TBARS values of the patties containing 200 
ppm of total phenols derived from both WE and EA 
extracts were significantly lower than those of the corre-
sponding CP. 

The starting TBARS value for all patties with OLEs was 
about 0.22 mg MDA/kg on average, without exhibiting 
any significant difference irrespective of the type of OLE 
added. This value was about half of the value of the cor-
responding CP, evidencing that lipid oxidation occurred 
in control patties during preparation. Conversely, OLEs 
slowed down lipid autoxidation during the manipula-
tion of minced meat to form patties. The antioxidant 

The yellowness (b* values) of beef patties increased 
with time, and both treatment and storage signifi-
cantly affected the b* value (p > 0.05). Higher b* value 
was observed for control patties, which could be due to 
protein oxidation, leading to the formation of yellowish 
compounds, altering the appearance of meat. A similar 
result was found in a study conducted by Xia et al. (2021), 
which assumed that myoglobin, the protein responsible 
for the red color of meat, could oxidise over time, leading 
to a brown color. This oxidation process indirectly affects 
the b* value, because the redness (a* value) decreases, 
making the yellowness more pronounced. In general, the 
color of treated beef patties could be affected not only by 
the presence of natural pigments in extracts but also by 
the ability of phenolic compounds to maintain myoglobin 
in a reduced state.

Lipid oxidation
Oxidation of polyunsaturated fatty acids is the princi-
pal cause of lipid deterioration. An oxidative process 
involves air O2 that promotes the formation of radical 
oxygen species (ROS). The reaction proceeds through 
multiple stages, such as initiation, propagation, and ter-
mination, and produces various primary and secondary 
molecules, also potentially toxic, that have implications 
for meat quality as well as human health. 

TBARS is a common marker for studying the progress of 
lipid oxidation also used as an indicator of freshness in 
meat (Allam et al., 2024; Xia et al., 2021).
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Figure 3.  TBARS analysis. Changes in MDA determined in different beef patties during storage at 4°C. Mean and standard 
deviation values of three independent replicates for each set of samples. Different letters indicate significant differences at  
p < 0.05.
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effect of OLEs continued during the storage of patties 
when TBARS values substantially remained unchanged 
for up to 10 days under both NA and HOA conditions 
(Figure 3). 

Thus, the effectiveness of both OLEs in delaying lipid 
oxidation in patties was well highlighted. Phenolic com-
pounds are certainly responsible for the antioxidant per-
formance of OLEs as already observed in other studies 
(Kurt and Ceylan, 2017; Totaro et al., 2024).

Conclusions

To summarize, the antioxidant capacity in vitro and of 
minced beef meat of the studied OLEs was demonstrated. 

Specifically, the extracts were efficient in delaying lipid 
oxidation and enhancing physicochemical properties 
of minced beef patties, including pH and color, during 
refrigerated storage for up to 10 days. Thus, these extracts 
could be evaluated as possible alternative natural antioxi-
dants to enhance the quality and shelf-life of meat.

Olive leaves, generally less used, are a copious by-
product of the olive oil production chain. The proposed 
utilization of OLs represents a possible form of valoriza-
tion of this by-product by following the circular economy 
principles. Moreover, OLEs could be produced in labo-
ratory through a simple and green process based on the 
application of water steam. We proved that the applied 
extraction procedure did not affect the antioxidant 
potential of phenolic compounds occurring naturally in 
OLs. Certainly, the method followed could be improved 
as well as tested on other vegetable wastes rich in bioac-
tive substances. 

For the above-mentioned reasons, the studied OLEs meet 
the sustainability objectives. However, the promising 
results open options for further research to fully under-
stand the benefits, particularly regarding the microbio-
logical safety of meat, which is a critical aspect of food 
preservation as well as public health. 
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